Abstract Fifteen skeletally immature patients with double major adolescent idiopathic scoliosis with large lumbar curves and notable L4 and L5 coronal plane obliquity were retrospectively studied. Seven patients who underwent anterior release and fusion of the lumbar curve with segmental anterior instrumentation and subsequent posterior instrumentation ending at L3 were compared with eight patients treated with anterior release and fusion without anterior instrumentation followed by posterior instrumentation to L3 or L4. At 4.5 years follow-up (range 2.5-7 years), curve correction, coronal balance and fusion rate were not statistically different between the two groups; however, the group with anterior instrumentation had improved coronal plane, near normalangulation in the distal unfused segment compared with the group without anterior instrumentation. In cases involving severe lumbar curvatures in the context of double major scoliosis, when as a first stage anterior release is chosen, the addition of instrumentation appears to restore normal coronal alignment of the distal unfused lumbar segment, and may in certain cases save a level compared with traditional fusions to L4.
Introduction
The goals of scoliosis surgery are to halt curve progression, effect maximum safe correction of the coronal, sagittal and rotational deformities, and preserve mobile segments while maintaining appropriate coronal and sagittal balance. In the case of double major scoliosis, specifically those with large lumbar curves, and significant coronal plane angulations of L4 and L5, these goals may be conflicting as the application of established guidelines for determining distal fusion levels frequently suggests primary anterior release and/or extending the posterior fusion to L4 or below [11, 15] . Distal extension of the fusion to the lower lumbar spine decreases the number of remaining motion segments and increases stress concentration below the fused segments [2, 4, 8, 26, 32] .
Lenke proposed a comprehensive classification system for adolescent idiopathic scoliosis that incorporates modifiers to describe the magnitude of lumbar curves [13, 15] . Using standing AP radiographs, this system classifies lumbar curves into three types: A, B and C. Lumbar curves where the center sacral vertical line (CSVL) falls between the pedicles of the apical lumbar vertebra are assigned modifier ''A''. Those whose CSVL falls between the medial border of the pedicle and the lateral margin of the apical vertebral body are assigned modifier ''B'', and large lumbar curves where the apical vertebra is translated so far laterally that the CSVL does not intersect any part of the apical vertebral body are assigned modifier ''C'' [13, 15] . Although selective thoracic fusion may be considered in patients with A and B lumbar curves, with type C curves, there is an increased risk of postoperative lumbar curve progression or decompensation [3, 12, 13, 17] .
To improve curve correction as well as limit the distal extent of the fusion, authors have added anterior discectomies and interbody fusion over the lumbar curve to posterior segmental thoracolumbar instrumentation. While correction has been substantial, many were left with distal segments tilted out of balance in the coronal plane risking late degeneration.
The use of anterior instrumentation in the lumbar spine is a method to address the therapeutic dilemma of correcting and stabilizing large lumbar curves while sparing clinically and functionally important distal motion segments. Anterior instrumentation is thought to preserve distal fusion levels because the instrumentation can be stopped at the distal Cobb level, while posterior instrumentation alone often requires fusion to the distal stable vertebra [1, 6, 11, 13, 14, 19, 30] , in this case, typically to L4 or even L5. To date, reports on anterior instrumentation of thoracic or thoracolumbar curves in adolescent idiopathic scoliosis have focused on the anterior approach as an alternative to posterior instrumentation [1, 13, 18, 19, 29, 30] . Selective anterior instrumentation of thoracic or thoracolumbar curves has shown comparable deformity correction, saving of distal levels, and acceptable maintenance of sagittal profile when comparison with traditional posterior fusion techniques [1, 13, 19, 30] .
The purpose of this study was to compare a group of patients with double major curves (Lenke type IIIC) and significant lumbar curves who were first treated with anterior release to L3 fixed with corrective and stabilizing segmental anterior instrumentation followed by posterior instrumentation ending at L3 with a similar group of patients who had the same initial anterior release and fusion to L3 but without segmental anterior instrumentation. Our hypothesis was that the use of rigid segmental anterior instrumentation would more effectively correct and maintain normal coronal alignment in the distal unfused spine and may, in cases save a distal fusion level compared with traditional posterior fusions to L4.
Materials and methods
The authors retrospectively reviewed the records of 15 skeletally immature patients with double major curves with large lumbar curves (greater than 70°) who underwent spinal fusion for idiopathic adolescent scoliosis between January 1995 and December 2002. The average age of the patients at surgery was 13.9 years (range 12-15 years), and the corresponding average Risser stage was 1.06 (range 0-2). There were 14 females and one male. The procedures were performed by the senior authors (VA, JAO, KBW). The mean follow-up period for all patients was 4.5 years (range 2.5-7 years). Patients selected for inclusion had a large preoperative lumbar curvature (mean 64.9°, range 42°-77°). Based on preoperative radiographs, all of the patients had double major type IIIC [13] [14] [15] .
Subjects were divided into two groups: seven patients underwent anterior release to L3 with segmental anterior instrumentation to effect an anterior derotation-translation maneuver followed by posterior thoracolumbar instrumentation (Group 1). Eight patients with similar preoperative deformities were similarly treated with a first stage anterior discectomy and fusion alone from T11 to T12 to L3, but without any anterior instrumentation (Group 2).
The surgical technique consisted of a two stage approach, all on the same day. The first stage consisted of anterior discectomies with interbody fusions using iliac crest and/or rib allograft bone over the thoracolumbar curve. Those patients in Group 1 then subsequently had transvertebral screw placement, a single longitudinal rod, and a derotation-translation maneuver to effect curve correction and horizontalization of the distal instrumented vertebrae. The decision to instrument anteriorly (Group 1) was based on the inability of L3 to bend into the stable zone and the surgeon preference to avoid fusion to L4. The number of instrumented anterior levels depended on the rigidity of the lumbar curve and whether apex of the curve was a disk or a vertebral body. When the curve had an apical disk, four lumbar vertebral bodies were instrumented anteriorly. Three were instrumented with an apical vertebral body. In Group 2, L4 was included in the posterior construct when the L4 tilt measured greater than 15°and the L3 vertebral body bended into the stable zone.
Thoracic and lumbar coronal and sagittal curves were measured using the Cobb method on preoperative and postoperative long-cassette standing upright anteroposterior (AP) radiographs. Side bending views were obtained supine. The measurements were performed by a senior author (KWB) and two research assistants. Using preoperative coronal curve measurements, the side bending curve correction for the thoracic and lumbar curves was calculated. The flexibility index was derived by subtracting the percentage of side bending thoracic curve correction from the percentage of side bending lumbar curve correction as described by King [11] . Lateral trunk shift was assessed as the distance measured in cm from the plumbline dropped from C7 to the sacrum [12] . Apical vertebral translation (AVT) was defined as the distance from the middle of the lumbar apical vertebral body to the CSVL [12] . The distance from the C7 vertical plumb line to the CSVL was also measured. Apical vertebral rotation (AVR) was measured using Nash-Moe criteria and rating scale [24] . The coronal tilt of L4 and L5 was also measured relative to a line drawn perpendicular to the CSVL. Shoulder imbalance was also measured in cm from the horizontal. Sagittal thoracic alignment was measured using the Cobb method from T2 to T12 on standing lateral radiographs. Thoracic and thoracolumbar/lumbar curve percent correction were calculated by dividing the preoperative coronal curve Cobb angle measurements by the postoperative coronal curve Cobb angle measurements using the same reference vertebrae for each curve. P-values were calculated using a Mann-Whitney test.
Results
There were no significant intraoperative or postoperative complications in this series of 15 patients. No pseudarthrosis or implant failures were noted on follow-up radiographs. None of the patients in this study had neurological or vascular injuries in association with their anterior or posterior procedures. There were no significant differences in operative time, blood loss, hospital stay, instrumentation costs, or postoperative pain between the two groups. From a clinical perspective, there were no differences in clinical trunk balance, shoulder symmetry, or pelvis symmetry.
Preoperative thoracic shift in Group 1 was 2.8 cm (range 1-4.7 cm), and in Group 2, it was 2.6 cm (range 0-4.1 cm). The Group 1 preoperative lumbar apical vertebral translation averaged 3.96 cm (range 3.5-5.1 cm) versus 3.29 cm (range 2.0-4.2 cm) in Group 2. The preoperative distance from the C7 plumb line to the CSVL was 0.43 cm to the left in Group 1 (range -1 to 2 cm) and 0.06 cm to the left in Group 2 (range -0.5 to 1.5 cm). Thoracic kyphosis measured from T2 to T12 was 32°in Group 1 (range 6°-65°). In Group 2, thoracic kyphosis was 35°(range 16°-47°).
The average preoperative main thoracic coronal Cobb angle measurement in Group 1 was 75.1°(range 51°-90°), decreasing to 43.1°(range 22°-54°) with side bending (Figs. 1, 2) . In Group 2, the mean measurement was 58°( range 40°-78°), decreasing to 39.63°(range 21°-60°) with side bending. The average preoperative thoracolumbar / lumbar Cobb angle measurement in Group 1 was 69.71°( range 44°-82°), decreasing to 29.6°on side bending (range 10°-42°). In Group 2 the mean preoperative thoracolumbar/lumbar Cobb angle was 59.1°(range 42°-76°), which decreased to 31°(range 18°-54°) with side bending. There was no statistical difference between the groups with respect to side bending measurements of the main thoracic (P = 0.5244) or thoracolumbar/lumbar curves (P = 0.9999). Preoperative L4 and L5 tilt averaged 25°( range 15°-35°), and 13°(range 8°-16°), respectively, in Group 1; in Group 2, L4 and L5 tilt averaged 24°(range 12°-32°) and 14°(range 7°-21°), respectively, ( Table 1) .
In Group 1, an average of 12.3 levels (range 11-13) were fused (Fig. 3) versus an average of 12.6 levels (range [11] [12] [13] [14] in Group 2. For all of the patients in Group 1, the last instrumented vertebra was L3, while in Group 2, six (75%) of the patients received posterior instrumented Table 2 ). The tilt of L4 postoperatively was 5°, respectively, (range 1°-11°) in Group 1 and 12 (range 2°-28°) in Group 2. The L5 postoperative tilt was 3°in Group 1 (range 1°-7°) and 9°in Group 2 (range 2°-18°) ( Table 3) . Statistical difference was noted between the postoperative tilts of L5 in the two groups (P = 0.0372). At final follow-up, the tile of L4 was maintained at 6°(2°-13°) in Group 1 and 15°(range 3°-29°) in Group 2. The L5 tilt was 3°(range 1°-8°) in Group 1 and 11°in Group 2 (range 3°-20°).
Discussion
Surgical management of patients with adolescent idiopathic scoliosis and double major curves with a large lumbar component has traditionally been accomplished with posterior segmental instrumented fusion often with an anterior thoracolumbar release to improve correction. In severe curves, or those with significant horizontal tilt to L3 or L4, the fusion often extends to L4. Fusion to L4 or below, however, leaves few residual mobile distal lumbar segments and results in increased stress concentration below the fusion construct and hypermobility of the remaining lumbar discs [4, 20] . These biomechanical factors may accelerate degenerative changes in the unfused lumbar spine and result in low back pain or radiographic signs of degeneration associated with coronal tilting of the last instrumented vertebra (LIV) or caudal unfused lumbar vertebrae, junctional scoliosis, or retrolisthesis [4, 8, 26, 32] . Rotation or angulation at the LIV or below may also lead to sagittal or coronal decompensation. Richards et al. [25] reported that persistent postoperative coronal plane obliquity between L4 and the pelvis was associated with greater overall truncal shift, and Schwender [28] has emphasized the role of lumbosacral hemicurves in the development of coronal decompensation.
We hypothesized that in addition to the initial anterior release, the use of segmental anterior instrumentation and manipulation of large lumbar curves in the context of Lenke type IIIC deformities with significant tilting of L4 and L5 would have a dual benefit-saving distal levels and improving the coronal and sagittal profile of the distal unfused lumbar segments. Indirect evidence in support of this proposition may be found in reports regarding selective anterior fusion of thoracic curves showing superior coronal, sagittal and rotational correction of the thoracic curve and concomitant improvement in the threedimensional alignment of compensatory lumbar curves [1, 7, 9, 19, 31, 33] . Others have further suggested that anterior segmental instrumentation of rigid or large major curves may be preferable to PSF as a result of a more significant rotational correction achievable through the anterior approach [21, 32] .
Improved alignment of distal unfused lumbar segments after anterior instrumented fusion in comparison with posterior techniques may be attributable to differences in rotational, sagittal or coronal compression forces as a result of anterior instrumentation [13] . Particularly relevant to the results presented here, Kaneda [10] reported 83-97% improvement in the lower end vertebra tilt angle in 25 patients followed for three years after anterior multisegmental instrumentation of large thoracolumbar and lumbar curves. Lowe [19] has further indicated that important predictive factors for good clinical and radiographic postoperative results included correction of the fractional lumbosacral curve and lowest instrumented vertebra angulation.
Our results also support the hypothesis that initial anterior instrumented fusion of large (Lenke lumbar modifier ''C'') curves may enable the sparing of distal fusion levels. Among the seven patients in Group 1, none required fusion below L3, and there was no evidence of coronal or sagittal plane decompensation at a minimum of 2.5 year follow-up. In the group of eight patients undergoing posterior instrumentation and fusion with only predicate anterior release and fusion of the lumbar curve, 75% required fusion to L4. These findings are consistent with existing literature showing that anterior instrumentation may allow for the sparing of distal motion segments by fusion from Cobb to Cobb end vertebrae rather than requiring fusion to the distal stable vertebra as is the case with traditional posterior techniques [1, 11, 13, 15, 19, 22, 30] .
Data we present further suggests that initial anterior segmental instrumentation and manipulation (e.g. derotation, translation) appears to result in improved alignment of the distal unfused lumbar segments. Assessing postoperative coronal tilt of the L4 and L5 vertebrae, correction of the lumbosacral hemicurve was significantly better among subjects in Group 1 after anterior instrumentation. Postoperative tilt of the LIV greater than 5°has been shown to be associated with worsening of correction at long-term follow-up in curves with Lenke C lumbar modifiers [34] .
One weakness of this study is the heterogeneous nature of the posterior instrumentation procedures grouped together in each of the study arms, especially in regard to the length of the posterior instrumented fusion. We chose to instrument anteriorly to test the hypothesis that we could gain and maintain better correction with fewer fused levels. Although the patients were not randomized, they were followed prospectively. The relatively small number of patients included in each study group may also result in low statistical power.
Despite the advantages of saving distal fusion levels and improved alignment of the distal unfused segment that our data suggest result from initial anterior instrumentation, a larger, prospective, randomized study would be required to establish long term clinical or radiographic benefit. Inclusion of clinical data, especially regarding the development of low back pain, would also be instructive in future studies, as disagreement persists among published reports regarding whether radiographic degenerative changes including narrowing of disc spaces, osteophytosis and facet joint hypertrophy that develop in distal motion segments after posterior fusion to the low lumbar spine consistently result in low back symptoms [4, 8, 23, 27, 32] . It is also possible that the use of multisegmental posterior instrumentation using modern pedicle screw systems which can effect three-dimensional changes in vertebral alignment may, in part, obviate the need for supplemental anterior instrumentation. Pedicle screw constructs may provide similar corrections in large curves (> 90°) without the morbidity of anterior approaches [5] . Multisegmental use of pedicle screws, even in the lumbar spine, may not always be possible, however, especially in the relatively less mature individual, due to the pedicle malformations associated with idiopathic scoliosis [16] . The balance of these factors, however, is thus far unproved.
